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Sleep architecture as well as memory function are strongly age dependent. Slow wave sleep (SWS), in particular,
decreases dramatically with increasing age, starting already beyond the age of 30. SWS normally predominates
during early nocturnal sleep and is implicated in declarative memory consolidation. However, the consequences of
changes in sleep across the life span for sleep-associated memory consolidation have not been evaluated so far. Here,
we compared declarative memory consolidation (for word-pair associates) during sleep in young and middle-aged
healthy humans. The age groups (18–25 vs. 48–55 yr) did not differ with regard to learning performance before
retention periods that covered, respectively, the first and second half of nocturnal sleep. However, after early
retention sleep, where the younger subjects showed distinctly more SWS than the middle-aged (62.3 ± 3.7 min vs.
18.4 ± 7.2 min, P < 0.001), retrieval of the word pairs in the middle-aged was clearly worse than in the young
(P < 0.001). In contrast, declarative memory retention did not differ between groups after late sleep, where retention
was generally worse than after early sleep (P = 0.005). Retention of declarative memories was the same in both age
groups when sleep periods containing equal amounts of SWS were compared, i.e., across late sleep in the young and
across early sleep in the middle-aged. Our results indicate a decline in sleep-associated declarative memory
consolidation that develops already during midlife and is associated with a decrease in early nocturnal SWS.

Many studies have demonstrated the importance of sleep for
memory consolidation (Smith 2001; Maquet et al. 2003; Stick-
gold 2005; Born et al. 2006; Ellenbogen et al. 2006b). Sleep after
a learning period enhances both declarative memories (i.e., for
episodes and facts) and procedural memories for skills (Fischer et
al. 2002; Walker et al. 2002; Ellenbogen et al. 2006a; Gais et al.
2006). Notably, both types of memory appear to benefit from a
differing extent from the different sleep stages. Based on the fact
that in humans slow wave sleep (SWS) mainly occurs during
early nocturnal sleep and rapid eye movement (REM) sleep,
mainly during late sleep, several studies have revealed marked
differences in memory consolidation by comparing retention
performance across periods of early and late night-time sleep
(Yaroush et al. 1971; Plihal and Born 1997). Using this approach,
it was found that early sleep with high amounts of SWS supports
consolidation in paired associate tasks, a typical form of declara-
tive memory, whereas the late part of sleep with predominant
REM sleep seems particularly effective in consolidating proce-
dural memory for skills (Plihal and Born 1997). Up until now,
evidence has also been converging from studies using other para-
digms to support the notion that declarative memory consolida-
tion profits from SWS and lighter stages of non-REM sleep in
particular (Peigneux et al. 2004), whereas REM sleep seems to be
more critical for the consolidation of procedural and emotional
memories (Plihal and Born 1997; Wagner et al. 2001; Fischer et
al. 2002), although SWS can also contribute to the consolidation
of such memories (Ficca et al. 2000; Gais et al. 2000; Stickgold et
al. 2000; Ambrosini and Giuditta 2001). A recent study shows
that the experimental bilateral fronto-temporal induction of
slow oscillation-like potential fields during early non-REM sleep
facilitates SWS and increases the retention of word pairs in a

hippocampus-dependent declarative memory task (Marshall et
al. 2006). Daytime naps with low amounts of SWS did not affect
declarative memory consolidation, but significantly improved
procedural memory (Backhaus and Junghanns 2006).

An intriguing approach to assessing the function of sleep
stages for declarative memory formation is offered by examining
specific sleep disturbances occurring under pathological condi-
tions or during the course of aging. Thus, patients with primary
insomnia exhibit a specific and prominent reduction in SWS,
and, in comparison to age-matched controls, these patients in-
deed displayed a markedly impaired consolidation of declarative
memory during sleep (Backhaus et al. 2006). Although there has
been a strong focus in recent research on the memory function of
sleep, changes in sleep architecture across the life span have been
neglected in this context. Beyond the age of 30, the amount of
SWS is already in rapid decline with lighter non-REM sleep stages
increasing, whereas REM sleep is affected less obviously during
this middle-age period (Van Cauter et al. 2000). At the same time
memory functions, and declarative memory, in particular, de-
clines (Prull et al. 2000). This age-associated decline of declarative
memory performance is accompanied by structural and func-
tional changes in the hippocampus, prefrontal cortex, and fron-
tal white matter (Daselaar et al. 2003; Driscoll et al. 2003; Tisser-
and and Jolles 2003; Hedden and Gabrieli 2004; Hof and Morri-
son 2004). If declarative memory consolidation depends on SWS,
both should be affected in parallel by degenerative processes of
aging with a concomitant decline across the life span. Here, we
expected an age-dependent decline of memory consolidation,
especially during retention periods covering early nocturnal
sleep, but less so during late sleep, where the amount of SWS is
low even in young people. In order to test these hypotheses, we
compared retention of declarative memories (word pair associ-
ates) after periods of early and late nocturnal sleep in two distinct
age groups of healthy volunteers and related memory perfor-
mance to parameters of sleep architecture. A list of 40 word pairs
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was learned to a criterion of 60% correct responses (with cued
recall) immediately before the 3.5-h sleep intervals, and cued
recall was tested again 15 min after awakening. Verbal intelli-
gence was measured and performance on the digit span task was
examined at learning and recall testing to control for changes in
general cognitive function that might have confounded memory
performance.

Results
The age groups did not differ with regard to education (young:
12.9 � 0.3 yr of school education, middle-aged 13.3 � 0.4,
t = �0.76, P = 0.45) and subjective sleep quality (Pittsburgh Sleep
Quality Index; young: 3.1 � 0.4; middle-aged: 3.0 � 0.5,
t = �0.2, P = 0.8). After early sleep, the younger subjects retained
a significantly greater number of previously learned word pairs
than the middle-aged subjects (Table 1; Fig. 1A). This difference
was confirmed in an ANOVA that revealed a significant before/
after sleep � age group interaction effect (F(1,28) = 10.3,
P = 0.003). The groups showed comparable performance on the
last trial at learning before the early retention sleep interval
(Table 1), although the middle-aged subjects needed more trials
to criterion than the young subjects (young: 1.3 � 0.1; middle-
aged: 2.5 � 0.3, t = �2.9, P = 0.01). After early retention sleep,
the groups differed in absolute recall (Table 1) and in their reten-
tion rate (difference between post-sleep retrieval and learning
performance before sleep; Fig. 1A). Regression analysis on the
retention rate for word pairs during early sleep as dependent
variable and time in SWS, REM sleep, and age as independent
variables revealed a highly significant effect for time in SWS
(� = 0.51, P = 0.004; Fig. 2), but not for time in REM sleep
(� = 0.19, P = 0.24) or age (� = 0.28, P = 0.22). Age and retention
of word pairs did not correlate in a partial correlation analysis
that controlled for the amount of SWS (r = �0.224, P = 0.122).

Learning performance at the last trial before the late-sleep
condition was also comparable in both age groups (Table 1). The
young subjects needed 1.5 � 0.6 trials to reach the criterion, the
middle-aged 2.0 � 0.3 (t = �1.3, P = 0.187).

Retrieval after sleep was better in the young than in the
middle-aged subjects, but in contrast to the early sleep condition,
groups did not differ significantly with regard to retention of
word pairs in the late sleep condition (F(1,28) = 2.7, P = 0.11 for
before/after � age interaction and F(1,28) = 0.8, P = 0.36 for main
effect before/after). Furthermore, retention was generally worse
in the late compared with the early sleep condition (F(1,28) = 9.2,
P = 0.005 for the interaction effect of early/late � before/after).

Differences in declarative memory retention were not due to
differences in working memory between the age groups at learn-
ing or retrieval. Performance in the digit span test on the four
testing occasions was closely comparable in the younger and
middle-aged subjects (F(1,28) = 0.01, P = 0.91 for main effect of
age; F(3,26) = 0.95, P = 0.43 for time � age interaction;

means � SEM at learning before early sleep—young: 7.7 � 0.3,
middle-aged: 7.2 � 0.4, t = 0.84, P = 0.4; performance at learning
before late sleep—young: 7.6 � 0.4, middle-aged: 7.8 � 0.4,
t = �0.35, P = 0.7; for respective values at retrieval testing, refer
to Fig. 1C). Age groups also did not differ in performance on all
subtests of verbal intelligence from the Intelligence-Structure-
Test (I-S-T 2000R.: “sentence completion”—young: 13.5 � 0.6,
middle-aged: 14.0 � 0.9, t = �0.38, P = 0.71; “analogies”:
11.3 � 0.7 vs. 10.0 � 1.2, t = 0.91, P = 0.38; “similarities”:
11.8 � 0.6 vs. 10.8 � 1.1, t = 0.81, P = 0.42) or in total verbal IQ
(young: 101.2 � 1.4, middle-aged: 106.2 � 2.7, t = �1.63,
P = 0.13). Furthermore, groups did not differ in immediate and
delayed recall of a word-list task and in a word fluency task,
which they performed during a separate session before the ex-
periment proper (first immediate recall of a word-list in number
of recalled words: young: 7.3 � 0.2, middle-aged: 6.7 � 0.2,
t = 1.68, P = 0.13; second immediate recall: young: 8.6 � 0.2,
middle-aged: 8.3 � 0.2, t = 0.81, P = 0.42; delayed recall: young:
8.1 � 0.2, middle-aged: 7.7 � 0.5, t = 0.77, P = 0.45; word flu-
ency in number of words: young: 24.8 � 1.4, middle-aged:
27.5 � 1.0, t = �1.47, P = 0.15).

Age groups did not differ in tiredness at the time of memory
encoding in the early and late sleep condition (Stanford Sleepi-
ness Scale, F(1,28) = 0.98, P = 0.757 for the early/late main effect
and F(1,28) = 0.98, P = 0.757 for early/late � age interaction. Early
sleep condition: young: 3.1 � 0.1, middle-aged: 3.7 � 0.5,
t = �1.12, P = 0.27; late sleep condition: young: 3.1 � 0.2,
middle-aged: 3.6 � 0.3, t = �1.07, P = 0.29).

Time in bed was the same for the early and late sleep con-
dition and both age groups (early sleep: young: 206 � 2.3 min,
middle-aged: 205.5 � 2.5 min, t = 0.21, P = 0.83; late sleep:
211.5 � 1.0 min and 206.9 � 3.9 min, t = 1.2, P = 0.24). As ex-
pected, sleep architecture differed distinctly both between early
and late sleep and between the age groups. SWS in both groups
prevailed during early sleep (F(1,28) = 80.7, P < 0.001 for main ef-
fect of early/late sleep). The young subjects spent more time in
SWS during early as well as during late sleep than the middle-
aged subjects (F(1,28) = 31.9, P < 0.001 for main effect of age; see
Figure 1B).

The lower amount of SWS in the middle-aged subjects was
replaced mainly with sleep stage 2 during early sleep (Table 2). In
contrast to SWS, REM sleep did not differ between the groups
either during early or late sleep (F(1,28) = 0.65, P = 0.42 for early/
late � age interaction; F(1,28) = 1.92, P = 0.17 for the main effect
of the age factor), but was, as expected, predominant during late
sleep (F(1,28) = 43.0, P < 0.001 for sleep interval; Table 2).

For exploratory purposes, retrieval was tested a second time
in the early sleep condition the next morning after subjects had
slept for another 3.5-h period during the late night. This Supple-
mental analysis aimed to answer the question of whether late
sleep might add to the supportive effect on memory once sub-
jects had a period of early retention sleep. However, the recall per-

formance (absolute number of recalled
word pairs) did not differ between the first
and second retrievals (F(1,28) = 2.6,
P = 0.12, for main effect of first/second
retrieval; F(1,28) = 0.6, P = 0.44 for
retrieval � age interaction; young: first
retrieval: 34.8 � 0.8, second retrieval:
35.0 � 0.7; t-test pairs: t = �0.65,
P = 0.52; middle-aged: 29.2 � 1.0 and
29.9 � 1.0, t = �1.5, P = 0.15). The differ-
ence between age groups also re-
mained the same on both retrieval
tests (F(1,28) = 0.02, P = 0.87 for main effect
of age across first and second retrieval).

Table 1. Number of words correctly recalled on the declarative word pair associate learning
task at learning before sleep (immediate recall) and at retrieval testing after sleep

18–25 yr
mean � SEM

48–55 yr
mean � SEM t P

Early sleep
Learning before early sleep 29.1 � 0.9 27.3 � 0.9 1.38 0.176
Retrieval after early sleep 34.8 � 0.8 29.2 � 1.0 4.29 <0.001
Late sleep
Learning before late sleep 29.8 � 1.0 27.7 � 0.6 1.57 0.127
Retrieval after late sleep 32.3 � 1.0 27.0 � 1.8 2.51 0.020

t-test pairs early/late young: learning: t = �0.505, P = 0.62; retrieval: t = 2.18, P = 0.04.
t-test pairs early/late middle-aged: learning: t = �0.455, P = 0.65; retrieval: t = 1.36 P = 0.19.
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Since the time that middle-aged subjects spent in SWS dur-
ing early retention sleep was well comparable with the time the
younger subjects spent in SWS during late sleep (see Fig. 1B for
means and SEM, t = �0.35, P = 0.72), we compared early sleep
retention rates in the middle-aged subjects with late sleep reten-
tion rates in the younger subjects. There was no significant dif-
ference in the retention rate between the age groups (see Fig. 1A
for means and SEM, t = 0.5, P = 0.62).

Discussion
The central finding of the study is that retrieval of memories after
sleep was worse in the middle-aged than in the young group,

although the age groups did not differ in their learning perfor-
mance on the word-pair associate task at the last criterion trial
prior to sleep. The young subjects in both sleep conditions spent
significantly more time in SWS, with highest amounts during
early sleep. Retention of word pairs, as defined by the difference
in performance at retrieval testing after sleep and learning before
sleep, was significantly better in the young group for the early
sleep condition, where the young subjects had a mean of 62 min
of SWS compared with 18 min in the middle-aged subjects. The
distinctly reduced retention of word pairs after early sleep in the
middle-aged subjects suggests a compromised consolidation of
declarative memories in this age group.

There were no hints that the two age groups substantially
differed in general cognitive function, including working
memory, or tiredness at any of the testing occasions. Also imme-
diate and delayed memory retrieval function tested on a separate
occasion was comparable in both groups. The only relevant dif-
ference was that, at learning before early sleep, the middle-aged
subjects needed more trials to reach the study criterion than the
young controls. However, at the criterion, trial performance was
very similar for both groups in this condition, which assured that
the amount of acquired declarative information as well as the
depth of encoding was well comparable between age groups.
Since our study focused on age differences during sleep-
associated memory consolidation, a comparable amount of de-
clarative information before sleep had to be ensured by having
the subject in both groups learning the list to the same criterion.
On this background, it seems justified to attribute the differences
between the age groups in retrieval of word pairs after sleep to
differences in memory consolidation during sleep.

There was no additional gain in memory recall when sub-
jects after early sleep slept for an additional 3.5 h during late
sleep, i.e., a period of sleep with generally reduced amounts of
SWS. Moreover, retention periods of sleep with similar amounts
of SWS (i.e., early sleep in the middle-aged and late sleep in the
young subjects) were associated with similar retention scores for

Figure 1. Retention of word pairs (A), time in slow wave sleep (B), and
performance in the digit span test (C) during the early and late sleep
condition in groups of young and middle-aged subjects. In the early sleep
condition, where the young subjects had more than a threefold higher
amount of slow wave sleep compared with the middle-aged subjects,
retention of word pairs was significantly better in the young than it was
in the middle-aged subjects. With comparable amounts of slow wave
sleep (late-sleep condition in the young subjects and early-sleep condi-
tion in the middle-aged subjects), groups did not differ in their retention
of word pairs. Since the age groups performed equally well on the digit
span test, differences in retrieval of declarative memory were not due to
differences in working memory. P < 0.005.

Figure 2. Retention of word pairs after early sleep plotted against the
percentages of SWS (A) and REM sleep (B).
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the middle-aged and younger subjects, indicating that SWS
rather than age itself is associated with the changes in sleep-
related declarative memory consolidation. However, the com-
parison between consolidation during early sleep in the middle-
aged and late sleep in the young subjects must be interpreted
with caution because of differences possibly confounding this
comparison, such as the different times of encoding and re-
trieval.

A central role of SWS for memory consolidation has been
proposed previously, although with two principally different
conceptualizations, of which both, nonetheless, fit the present
findings. Based mainly on findings of a globally reduced activity
within neocortical networks during SWS, Tononi and Cirelli
(2003, 2006) proposed that SWS acts via a general downscaling of
synaptic connections that were potentiated during encoding of
information during the preceding wake phase. Synaptic down-
scaling by erasure of all weak synaptic connections below a cer-
tain threshold improves signal-to-noise ratio, and in this way can
indirectly enhance recently acquired memory traces. Alterna-
tively, the consolidation specifically relating to declarative
memories known to depend on hippocampal function might
take place in the framework of a dialogue between the neocortex
and hippocampus. This view assumes that the sleep-dependent
consolidation process relies on a covert reactivation of newly
encoded memories in hippocampal networks (Wilson and Mc-
Naughton 1994; Buzsaki 1996, 1998). The hippocampal memory
replay activity during SWS is driven by <1 Hz slow oscillations
that are generated within neocortical networks, partially as a
function of the prior use of the networks for encoding informa-
tion during wakefulness. The reactivation stimulates the transfer
of the recently encoded information from hippocampal back to
neocortical networks, where they are then stored for the long
term. A recent study demonstrated that transcranially applied
oscillating potentials at a frequency of 0.75 Hz can both facilitate
SWS and retention of declarative memory, thus underscoring the
importance of this physiological process for declarative memory
consolidation (Marshall et al. 2006).

Whereas a decline in SWS and slow oscillations was demon-
strated earlier in middle-aged subjects (Carrier et al. 2001; Land-
olt and Borbely 2001), we show here that this decline is corre-
lated with a parallel decline in declarative memory consolida-
tion. According to the concepts outlined above, this outcome
points toward a disturbance in hippocampal memory replay dur-
ing sleep, which, remarkably, starts already well before old age.
Structural and functional change in hippocampal regions iden-
tified during this midlife period fit this view (Hedden and Gab-
rieli 2004).

Our data suggest a critical role of sleep in the age-dependent
decline of declarative memory consolidation. The cause of the
parallel decline in SWS and hippocampus-dependent memory
consolidation is, however, obscure. Several factors have been
identified that might coincidentally affect sleep regulation and
hippocampal function during the course of aging. Thus, a low
central nervous cholinergic activity, as well as a minimal gluco-
corticoid activity during SWS, are prerequisites for an effective
consolidation of hippocampus-dependent declarative memories
(Plihal and Born 1999; Gais and Born 2004; Rasch et al. 2006).
There is corresponding evidence from animal and human studies
that both hippocampal cholinergic tone and glucocorticoid ac-
tivity during the rest period are comparatively enhanced in the
middle-aged as opposed to young individuals (Mizuno et al.
1994; Kern et al. 1996; Mitsushima et al. 1996; Van Cauter et al.
2000). The same factors can impair phenotypic sleep via an in-
terconnected network (Steiger 2002; Steriade 2004; Jones 2005),
and as such, may impair in parallel both SWS and hippocampal
memory replay activity, resulting in a consolidation deficit for
declarative memory. Whatever the basic mechanism is that links
SWS to hippocampal memory consolidation, the early onset of
substantial decay in this system during the course of aging may
render it a target for preventive approaches in the therapy of
cognitive aging.

Materials and Methods

Subjects
Sixteen young healthy subjects aged between 18 and 25 yr
(20.4 � 0.6 yr) and 14 middle-aged healthy subjects aged be-
tween 48 and 55 yr (50.0 � 0.6 yr), all right-handed and non-
smokers, with a body mass index within the normal range
(22.6 � 0.4 kg/m2), participated in the study. Subjects were re-
cruited by advertisement and had a regular sleep-wake rhythm,
were not shift-working and had no sleep disorder. They esti-
mated their sleep using the Pittsburgh Sleep Quality Index
(Buysse et al. 1989; Backhaus et al. 2002). Participants had nei-
ther a psychiatric nor a somatic disorder and did not take any
psychoactive drugs or medications that might affect sleep or
memory. They underwent a thorough physical and psychiatric
assessment, including the Structured Clinical Interview for the
Diagnosis of Psychiatric Disorders according to the Diagnostic
and Statistical Manual of Mental Disorders (DSM-IV-TR)
(Wittchen et al. 1997; American Psychiatric Association 2000).
The study was approved by the local ethics committee and was
conducted according to the Declaration of Helsinki. After a com-
plete description of the study to the subjects, their written in-
formed consent was obtained.

Procedure and tasks
Each subject spent three nights in the sleep laboratory. The first
night served to adapt the subjects to the sleep laboratory, and to
exclude sleep apnea (apnea/hypopnea index >5/h) and periodic
leg movements with EEG-arousal (>5/h). Each subject then par-
ticipated in two experimental nights, i.e., early and late sleep
conditions, respectively, which were spaced one week apart. Sub-
jects were randomly assigned to the order of these experimental
nights. A word-pair associate task was used for testing declarative
memory.

To exclude the possibility that differences in declarative
memory performance were due to differences in verbal intelli-
gence or working memory, subjects on a separate occasion and
before entering the study performed all verbal subtests of the
Intelligence-Structure-Test (I-S-T 2000R; Amthauer et al. 2001)
and the word-list task as well as the word-fluency task of the
DemTect test (Calabrese and Kessler 2000). The word-list task
included three retrievals: (1) After subjects heard a word-list of 10
words for the first time, they were to recall all of the words they

Table 2. Sleep stages during early and late sleep in minutes
(means � SEM)

18–25 yr 48–55 yr t P

Wake time
Early sleep 22.9 � 3.7 19.6 � 3.0 0.67 0.505
Late sleep 23.0 � 3.5 34.2 � 4.3 �2.00 0.055

Stage 1
Early sleep 8.8 � 1.2 14.0 � 2.2 �2.04 0.054
Late sleep 14.9 � 1.7 23.3 � 3.6 �2.17 0.038

Stage 2
Early sleep 87.1 � 4.5 130.2 � 6.7 �5.41 <0.001
Late sleep 103.8 � 3.7 102.1 � 4.8 0.76 0.784

SWS (Stages 3 + 4)
Early sleep 62.3 � 3.7 18.4 � 7.2 5.58 <0.001
Late sleep 15.6 � 3.5 2.7 � 1.4 3.56 0.002

REM sleep
Early sleep 24.8 � 3.7 23.1 � 2.1 0.39 0.696
Late sleep 53.9 � 3.6 45.0 � 4.5 0.69 0.137
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could remember. (2) Immediately thereafter, all subjects heard
the same word-list for a second time and immediate recall was
tested again. (3) After a delay of about 5 min—during which the
subjects performed the word fluency task—subjects were unex-
pectedly asked to recall again as many of the words of the word-
list as possible. Moreover, during the experimental sessions, be-
fore the learning phase and after retrieval testing, subjects per-
formed a working memory task (digit span) to ensure that age
groups did not differ in working memory function at the time of
encoding or retrieval.

In the early sleep condition, the learning phase for the de-
clarative memory task (word-pair associates) took place between
22:00 and 22.25 h before subjects went to bed at 22:30 h. After
3.5 h in bed, they were woken up at 2.00 h, and delayed retrieval
of the word-pair associate task was tested 15 min later to avoid
confounding effects of sleep inertia. Afterward, subjects per-
formed again the digit span task to ensure that age groups did not
differ in working memory at delayed retrieval testing.

For the late sleep condition, subjects first slept 3.5 h and
were woken up at 2:00 h. Fifteen minutes later, they performed
the digit span test and the declarative memory task (word-pair
associates) before they went to bed for another 3.5 h during the
late night. The next morning, 15 min after awakening, delayed
retrieval of the word-pair associate task was tested, followed by
the digit span test.

To investigate whether sleep during the second half of the
night further adds to the effects of early sleep on declarative
memory consolidation, we extend the early sleep condition: fol-
lowing the first delayed retrieval phase after early sleep, subjects
slept again 3.5 h during the second half of the night. Fifteen
minutes after awakening in the morning, delayed retrieval was
tested a second time.

Declarative memory was tested using a word-pair associate
task consisting of 40 word pairs of German nouns that were stan-
dardized with respect to word frequency, length, emotionality,
meaningfulness, and concreteness (Plihal and Born 1997). Two
additional word pairs at the beginning and end of the test served
to buffer primacy and recency effects, and were not included in
the analysis. The word pairs were presented visually for 5 sec
each. Immediately after presentation of all word pairs, the sub-
jects were asked to recall orally the second word in a pair upon
presentation of the first word (cued recall). The list was presented
repeatedly in different order until the subject had correctly re-
called at least 24 words (60% criterion). During learning, subjects
were given feedback so that the subject’s response was always
followed by a presentation of the correct response word for 1 sec.
Upon retrieval testing after retention sleep, subjects were again
asked to recall the word pairs using the same cued recall proce-
dure that was applied during the learning phase, but this time
without feedback. Retention of word pairs was defined by the
difference between retrieval performance after sleep and learning
performance before sleep. Subjects were tested using parallel
tests, which were given in a randomly sequenced order. Tiredness
was measured directly after the learning phase for the word-pair
associate task using the Stanford Sleepiness Scale (Hoddes et al.
1973).

Polysomnographic recordings
Standard polysomnographic recordings were obtained using EEG
electrodes positioned at C3 and C4, referenced against A2 and
A1, respectively (as defined by the international 10-20 system).
Electromyographic activity was recorded from submental elec-
trodes. Vertical and horizontal eye movements were recorded
from two horizontal and one vertical electrodes. Furthermore,
electromyographic recordings of the legs and recordings of
breathing (chest and abdominal excursions, nose-mouth airflow)
together with oxygen monitoring were performed on the first
night to rule out sleep apnea or periodic leg movements. Sleep
stages were scored according to standard criteria (Rechtschaffen
and Kales 1968) by experienced staff blind to the experimental
condition.

Statistical analyses
Differences between the sleep conditions and group differences
were analyzed by analyses of variance (ANOVA) on the raw num-
bers for word recall. Post hoc t-tests were used to specify signifi-
cant main and interaction effects. Regression analysis was per-
formed on data from the early sleep condition to separate influ-
ences of age, SWS, and REM sleep on sleep-related declarative
memory consolidation. Socio-demographic and questionnaire
data as well as other data not repeatedly measured were analyzed
using two-tailed t-tests for independent samples. A P-value of
<0.05 was considered significant. Data were analyzed using SPSS
for Windows, Version 12. Variability is expressed in the form of
standard errors of the mean (SEM).
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